Molybdenum is an essential component of the cofactors of many metalloenzymes including nitrate reductase and Mo-nitrogenase. The cyanobacterium Anabaena variabilis ATCC 29413 uses nitrate and atmospheric N 2 as sources of nitrogen for growth. Two of the three nitrogenases in this strain are Mo-dependent enzymes, as is nitrate reductase; thus, transport of molybdate is important for growth of this strain. High-affinity transport of molybdate in A. variabilis was mediated by an ABC-type transport system encoded by the products of modA and modBC . The modBC gene comprised a fused orf including components corresponding to modB and modC of Escherichia coli . The deduced ModC part of the fused gene lacked a recognizable molybdate-binding domain. Expression of modA and modBC was induced by starvation for molybdate. Mutants in modA or modBC were unable to grow using nitrate or Mo-nitrogenase. Growth using the alternative V-nitrogenase was not impaired in the mutants. A high concentration of molybdate (10 m m m m M) supported normal growth of the modBC mutant using the Nif1 Mo-nitrogenase, indicating that there was a low-affinity molybdate transport system in this strain. The modBC mutant did not detectably transport low concentrations of 99 Mo (molybdate), but did transport high concentrations. However, such transport was observed only after cells were starved for sulphate, suggesting that an inducible sulphate transport system might also serve as a low-affinity molybdate transport system in this strain.
Introduction
The transition metal Mo is an essential micronutrient for most animals, plants and bacteria. It serves as a cofactor for a number of enzymes involved in metabolism in the nitrogen, sulphur and carbon cycles. Nitrate reduction is a key step in the global nitrogen cycle, with important implications for agriculture, the environment and public health. In all nitrate reductases and all other Mo-dependent enzymes except nitrogenase, Mo is incorporated into the apoenzyme as a Mo cofactor (Moco) that comprises a mononuclear Mo atom co-ordinated to the sulphur atoms of a pterin called molybdopterin (Hille, 2002) . The function of Moco is to position the catalytic Mo in the active centre of the enzyme in order to control its redox activity and to participate, via the pterin ring, in redox reactions. Moco enzymes catalyse two-electron redox reactions involving the transfer of an oxygen atom to or from a substrate (Hille, 1996; 2002) . In molybdopterin guanine dinucleotide, which is present in some enzymes, molybdopterin is modified by covalent attachment of GMP to the terminal phosphate group of molybdopterin (Johnson et al ., 1990; Rajagopalan, 1997) Nitrogen fixation, which allows some bacteria and plants (by associations with nitrogen-fixing bacteria) to use atmospheric nitrogen, is mediated by a family of highly conserved nitrogenases. Nitrogenase is a complex enzyme with two components: dinitrogenase and dinitrogenase reductase (Lawson and Smith, 2002) . Dinitrogenase has an iron Mo cofactor, FeMoco, which consists of [Fe 7 MoS 9 ]-homocitrate bound to a cysteine and a histidine in dinitrogenase (Frazzon and Dean, 2002; Lawson and Smith, 2002) . A number of nif genes including the products of nifB , nifS , nifU , nifH nifN , nifE , nifX , nifQ and nifV and a protein designated g are required for the assembly and insertion of FeMoco into nitrogenase (Shah et al ., 1999; Rangaraj et al ., 2001; Frazzon and Dean, 2002) . Some bacteria also have alternative nitrogenases that have vanadium in place of Mo in the cofactor (Vnitrogenase) or only iron in the cofactor (Fe-nitrogenase) (Bishop and Premakumar, 1992) .
Most cyanobacteria use nitrate, and many cyanobacteria fix nitrogen; hence, molybdate is important for their growth. In many strains of filamentous cyanobacteria, nitrogen fixation occurs under oxic growth conditions in differentiated cells called heterocysts that maintain a microoxic environment to support nitrogenase activity (reviewed by Wolk et al ., 1994; Wolk, 1996) . Anabaena variabilis ATCC 29413, unlike other commonly studied laboratory strains of cyanobacteria, has three nitrogena-ses. Two are classic Mo-dependent enzymes (Brusca et al ., 1989; Thiel et al ., 1995; 1997) , whereas the third is an alternative V-nitrogenase (Thiel, 1993; Lyons and Thiel, 1995) . One of the Mo-nitrogenases (encoded by nif1 ) and the V-nitrogenase function under oxic growth conditions in heterocysts (Elhai and Wolk, 1990; Thiel et al ., 1995) . The second Mo-nitrogenase (encoded by nif2 ) functions only under anoxic conditions in vegetative cells and heterocysts 1997) . Other common nitrogen sources for cyanobacteria are nitrate and nitrite, which are reduced to ammonia. The proteins for uptake and reduction of nitrate and nitrite are part of the nir-nar operon that includes genes encoding nitrate reductase and nitrite reductase (Cai and Wolk, 1997; Frias et al ., 1997) .
Mo is a rare element and, of the five oxidation states, only the soluble Mo(VI) form can be used by cells (Fortescue, 1992) . In Escherichia coli , with the bestcharacterized molybdate uptake systems, high-affinity transport is mediated by an ABC-type transport system encoded by modABC genes. ModA binds molybdate in the periplasm, ModB is the transmembrane component of the permease, and ModC provides the energizer function on the cytoplasmic side of the membrane Rech et al ., 1995; Self et al ., 2001) . Similar systems for molybdate transport have been characterized in Rhodobacter capsulatus and Azotobacter vinelandii (Wang et al ., 1993; Luque et al ., 1993; Mouncey et al ., 1995; . Low-affinity transport is mediated by the sulphate transport system in E. coli Grunden and Shanmugam, 1997; Pau and Lawson, 2002) .
The modABC operon of E. coli is negatively regulated by molybdate via a regulatory protein, ModE. Dimers of ModE bind four molecules of molybdate and repress transcription of modABC , thus inhibiting transport of molybdate (Grunden et al ., 1996; Anderson et al ., 1997) . ModE, activated by bound molybdate, increases transcription of genes encoding Moco biosynthetic enzymes such as moaABCDE and of Mo-dependent enzymes such as nitrate reductase. In strains deficient in molybdate transport or mutated in modE , there is little transcription of moaABC (Anderson et al ., 2000) .
Little is known about the mechanism of Mo transport, regulation or metabolism in cyanobacteria. In Anabaena sp. PCC 7120, a mutant in moeA , the product of which is involved in biosynthesis of molybdopterin, cannot use nitrate as a source of fixed nitrogen and cannot synthesize nitrate reductase, but grows well diazotrophically using nitrogenase (Ramaswamy et al ., 1996) . Similarly, in Synechococcus sp. strain PCC 7942, mutants in moeA , moaC , moaE and moaA fail to grow on nitrate or express nitrate reductase (Rubio et al ., 1998 (Thiel et al ., 2002) . That transport system has an apparent K m for transport of molybdate of about 3 ¥ 10 -10 M. We describe here the genes responsible for high-affinity molybdate transport and the role of molybdate in nitrogen utilization in A. variabilis .
Results

Molybdate transport genes
Putative cyanobacterial molybdate transport genes were identified in the genomes of Anabaena sp. PCC 7120 (Kaneko et al ., 2001) and Synechocystis sp. PCC 6803 (Kaneko et al ., 1996) (Fig. 1) based on their similarity to known mod genes. The deduced ModA protein of Anabaena sp. PCC 7120 showed only 47% identity and 66% similarity to its homologue in Synechocystis sp. PCC 6803. The two best-characterized modA genes are from E. coli and A. vinelandii ; however, the deduced cyanobacterial ModA proteins show only very weak similarity (30% identity and 50% similarity) to either of these proteins ( Supplementary material , Fig. S1B ). Despite the low similarity, the program SWISS MODEL , using the known crystal structures for ModA from E. coli (Hu et al ., 1997) and A. vinelandii (Lawson et al ., 1998) as templates, was able to predict a three-dimensional structure for ModA from Anabaena sp. PCC 7120 that was very similar to those two proteins ( Supplementary material , Fig. S1A ). SWISS MODEL uses sequence alignments in combination with the known structures of proteins to construct the most probable three-dimensional model of an unknown protein (Guex and Peitsch, 1999; Schwede et al ., 2003) . This deduced three-dimensional model, in combination with the phenotype of the mutant (see below), provides strong evidence that the products of the modA genes of Anabaena spp. function as the periplasmic molybdate-binding protein for molybdate transport. Immediately upstream of the modA gene of Anabaena sp. PCC 7120, but not the modA gene of Synechocystis sp. PCC 6803, is a small orf that has a molybdate-binding domain (Fig. 1) . Using the sequence of that region of Anabaena sp. PCC 7120, we designed primers that amplified the orf-modA region of A. variabilis, and most of that region was sequenced. The nucleotide identity between the two Anabaena strains for the small orf and the region of modA that was sequenced was 95%.
In Anabaena sp. PCC 7120 (Kaneko et al., 2001) and Synechocystis sp. PCC 6803 (Kaneko et al., 1996) , a modB-like gene was fused to a modC-like gene. Using part of the Synechocystis sp. PCC 6803 modBC gene as a probe, the modBC homologue was cloned from a genomic library of A. variabilis ATCC 29413 and sequenced (Fig. 1) . The entire region, including orf1, orf2, modBC and orf3, was conserved between the two strains of Anabaena, with overall identity of 94% at the nucleotide level. Like modBC (sll00739) of Synechocystis sp. PCC 6803, the homologues in the two strains of Anabaena spp. were fused genes. In contrast to most ModC proteins, the deduced product of the C-terminal half of modBC in cyanobacteria had no molybdate-binding (Mop) domain (Pau and Lawson, 2002 ). An alignment of the Mop regions of the ModC proteins of several bacteria with the most similar region of ModC of Anabaena sp. PCC 7120 revealed only very weak similarity among all of them (Supplementary material, Fig. S2 ). Based on this weak similarity, we used SWISS MODEL in an attempt to determine the potential structural similarity of this region with two Mop-type proteins, ModG of A. vinelandii (Delarbre et al., 2001) and Mop from Sporomusa ovata (Wagner et al., 2000) , as templates. SWISS MODEL predicted a Mop-like three-dimensional structure for these regions of ModC for A. vinelandii, E. coli and R. capsulatus; however, it failed to do so with the Anabaena ModC region.
Transcription of modABC genes
In other bacteria, transcription of the molybdate transport genes is repressed by growth of cells with that anion . We measured transcript levels of modA and modBC by Northern hybridization to RNA from cells of A. variabilis grown with or without molybdate or vanadate. There was a transcript of about 1.2 kb that hybridized to the modA probe in RNA extracted from molybdatedeficient cells but not from molybdate-replete cells (Fig. 2 ). Weak transcripts of 1.3 and 2.1 kb hybridized to modBC in RNA from molybdate-starved cells. The larger modBC transcript was presumably the full-length gene; however, there was also a smaller transcript, roughly the size of only the modB portion of the gene. However, the 1.3 kb transcript may also have been an artifact caused by rRNA in this region of the blot. Transcription of modA and modBC was not repressed by vanadate.
Growth characteristics of the modA and modBC mutants
Mutants in the modA and modBC genes of A. variabilis were constructed by insertion of a Nm R gene in the NaeI site of modA or in the EcoRV site of modBC (Fig. 1) . The mutant strains KA12 (modA) (Fig. 3B ) and MZ49 (modBC) (Fig. 3C ) grew poorly at low concentrations of molybdate that supported good diazotrophic growth of the parent strain, FD (Fig. 3A) . However, high concentrations of molybdate (10 mM) supported diazotrophic growth of both the wild-type and the mutant strains. These results indicated that both the modA and the modBC mutant were impaired in the transport of molybdate at low concentrations of the anion, but not at high concentrations, suggesting that there is also a low-affinity molybdate transport system in A. variabilis.
Nitrate reductase is a molybdoenzyme required for growth of cyanobacteria on nitrate. The wild-type strains of A. variabilis and Anabaena sp. PCC 7120 grew well with nitrate as sole nitrogen source. The modBC mutant of Anabaena sp. PCC 7120 failed to grow with nitrate, whereas the A. variabilis modBC mutant grew slowly (Fig. 4) . As A. variabilis has a V-nitrogenase that Anabaena sp. PCC 7120 lacks (Thiel, 1993) , it was likely that the growth of the modBC mutant MZ49 in nitrate medium resulted from low V-nitrogenase activity using traces of vanadate in the medium. This was supported by the fact that the addition of 0.1 mM vanadate to MZ49 stimulated growth in a medium containing nitrate (data not shown), which also indicated that ModBC was not required for transport of vanadate. Further evidence that the growth of MZ49 in nitrate medium was not the result of nitrate utilization was the high percentage of heterocysts in the mutant, an indication that the cells were starved for fixed nitrogen. The wild-type strain produced <0.1% heterocysts in nitrate medium with 0.1 mM molybdate, as it was able to use nitrate as a source of fixed nitrogen. Heterocyst differentiation in MZ49 was not repressed by the addition of low concentrations of molybdate, but was repressed somewhat by 1.0 mM molybdate within 3-4 days and almost completely by 10-100 mM in the same time frame (data not shown).
99
Mo (molybdate) transport in the mutant
Transport of molybdate was measured in the wild-type strain and in the modBC mutant. We have demonstrated previously that the wild-type strain transports molybdate with a K m of about 3 ¥ 10 -10 M and that high-affinity transport requires cells that are starved for molybdate (Thiel et al., 2002) . Cells of the wild-type strain and the modBC mutant were starved in molybdate-free medium and then supplemented at the start of the experiment with 99 Mo (molybdate) at a concentration of 8 ¥ 10 -9 M. Whereas the wild-type strain quickly accumulated 99 Mo (molybdate), the modBC mutant showed little or no accumulation at this low concentration of molybdate (Table 1) . Uptake by the mutant was not detected even at relatively high concentrations of molybdate (10 -6 M molybdate). However, cells of the modBC mutant starved for several generations for sulphate showed good uptake of 99 Mo (molybdate) ( Table 1 ), and that transport was completely inhibited by the addition of sulphate, suggesting that transport in the mutant at high concentrations of molybdate was occurring by the sulphate transport system.
Nif2 and V-nitrogenase activity in the modBC mutant
Anabaena variabilis has two Mo-nitrogenases 1997) . One functions only in heterocysts when cells are grown under oxic conditions. We have shown previously that A. variabilis cells starved for fixed nitrogen under anoxic conditions reduce acetylene within a few hours of nitrogen removal, long before heterocysts form, and that the product of the nif2 genes is required for this enzyme activity 1997) . The wild-type strain reduced acetylene after removal of fixed nitrogen under anoxic conditions within a few hours after induction; however, the modBC mutant showed no nitrogenase activity under the same conditions until after heterocysts formed (Fig. 5) . The V-nitrogenase, but not the Mo-nitrogenase, reduces acetylene to ethane as well as to ethylene (Bishop and Premakumar, 1992) . After heterocyst differentiation (24 h after induction), both strains reduced acetylene to ethylene; however, the modBC mutant also produced ethane (Fig. 5, inset) , indicating that the strain was fixing nitrogen using the V-nitrogenase. The wild-type strain produced no ethane at any time, consistent with the observation that molybdate represses the V-nitrogenase. These results indicate that the nif2-encoded Mo-nitrogenase did not function in MZ49, consistent with the inability of this strain to take up molybdate. In addition, V-nitrogenase activity was dependent on the presence of heterocysts as that enzyme did not function in vegetative cells of MZ49 under anoxic conditions until after heterocysts formed.
The orfs near modBC
Upstream and downstream of modBC were three open reading frames (Fig. 1) . While orf1 and orf2 were also identified as contiguous genes in the genomes of Nostoc punctiforme (http://www.jgi.doe.gov/JGI_microbial/html/ index.html) and Synechocystis sp. PCC 6803 (Kaneko et al., 1996) , they were not near the modBC genes. BLAST analysis of the predicted product of orf1 showed no significant similarity to any gene of known function (Altschul et al., 1997) . The predicted product for orf2 showed high similarity to a family of related proteins of unknown function in a variety of diverse bacteria. This family of proteins is most similar (similarity score = 3 ¥ 10 -7
) to part of a large protein present in many animals called glucokinase regulatory protein (GKRP). In contrast to the other genes in this region, no homologue of orf3 was found in the genomes of N. punctiforme or Synechocystis sp. PCC 6803. orf3 was most similar (similarity score = 2 ¥ 10 Mutants in orf2 (MZ48) or orf3 (MZ53) grew well using nitrate as sole nitrogen source (Fig. 4) and produced no heterocysts with nitrate (data not shown), indicating that they were not impaired in nitrate reductase activity. The addition of 0.1 mM molybdate to cultures of these mutants that were growing diazotrophically using the V-nitrogenase repressed ethane production as well as it did in the wild-type strain (data not shown). There was no evidence for any impairment in molybdate uptake or utilization in either of these mutants, suggesting that these genes were not involved in molybdate transport.
Discussion
The molybdate transport genes in A. variabilis and Anabaena sp. PCC 7120 do not comprise a single operon as they do in E. coli, R. capsulatus and A. vinelandii Self et al., 2001) . ModA was only weakly similar to homologues in other bacteria, and was not very similar to its homologue in Synechocystis sp. PCC 6803; however, its predicted three-dimensional structure is very similar to the characterized ModA proteins of E. coli and A. vinelandii (Hu et al., 1997; Lawson et al., 1998) . The similarity between ModA from Anabaena sp. PCC 7120 and E. coli is higher (49%) than that between the proteins from Anabaena and A. vinelandii (39%), which is consistent with the greater similarity of the three-dimensional model of ModA from Anabaena to the protein from E. coli than to ModA from A. vinelandii.
The modB and modC genes were fused into a single orf in all the cyanobacterial strains in which the gene has been found, including A. variabilis, Anabaena sp. PCC 7120, Synechocystis sp. PCC 6803, N. punctiforme and Trichodesmium erythraeum IMS101. The deduced ModB from Anabaena spp. was very similar to its homologues in other bacteria, particularly to putative ModB proteins in Cultures of the parental strain (FD) and the modBC mutant (MZ49) grown in AA/8 medium supplemented with ammonium and fructose were washed free of ammonium and resuspended at 0 time in AA/8 medium supplemented with fructose, 1.0 mM vanadate and DCMU as described in Experimental procedures. The cultures were grown in the light in the absence of O 2 with N 2 gas, and nitrogenase activity was measured by gas chromatography before (4 and 6 h) and after (24 h) heterocysts formed.
two Gram-positive bacteria, Staphylococcus carnus and Bacillus subtilis. These ModB proteins cluster together in Family 1 of the phylogenetic tree of ModA and ModB proteins constructed by Self et al. (2001) , which also includes the homologues of Vibrio cholerae, E. coli and Haemophilus influenzae. The ModA and ModB proteins of A. vinelandii and R. capsulatus are in Family 3A of the phylogenetic tree (Self et al., 2001) . Like other known ModB proteins, the cyanobacterial homologue had five transmembrane regions that presumably anchor this part of the fused ModBC protein in the cytoplasmic membrane.
The ModC part of ModBC from Anabaena spp. shared with other ModC proteins an ATP-binding site (GGSG SKS) but differed significantly from its homologues in other bacteria in its lack of an apparent molybdate-binding domain, suggesting that molybdate binding by ModC is not an essential feature of this molybdate transport system. The fusion of ModC with the membrane-spanning ModB protein ensures that ModC will interact only with that particular membrane protein, perhaps thereby providing the specificity normally provided by the molybdatebinding domain for molybdate transport. Another possibility is that ModC from Anabaena spp. binds molybdate using an as yet unidentified binding domain. For example, ModA binds molybdate well (Rech et al., 1996) , but lacks the Mop-type domain. Overall, the ModC part of ModBC shared greater identity with sulphate transport proteins (CysA) (39-46%) than with ModC (30%), suggesting that its origin might be a progenitor transport system that evolved to become a component of the sulphate transport system and of the molybdate transport system in cyanobacteria. Homologues of modA and modBC are not present in the sequenced genomes of the marine unicellular cyanobacteria Prochlorococcus marinus and Synechococcus sp., which also lack homologues of genes for nitrate reductase and nitrogenase (http://www.jgi.doe.gov/ JGI_microbial/html/index.html).
The modBC mutant of A. variabilis failed to transport low concentrations of 99 Mo (molybdate) and required relatively high levels of molybdate for growth using nitrate or the Mo-nitrogenase, as did the modA mutant. At low concentrations of molybdate, the mutants grew in the presence of nitrate; however, that growth was not due to nitrate reductase activity but rather to heterocyst differentiation and expression of the alternative V-nitrogenase, which is normally repressed by molybdate (Thiel, 1993) . The modBC mutant of Anabaena sp. PCC 7120 produced heterocysts in the presence of nitrate, as do other mutants such as narB (Cai and Wolk, 1997) and moeA (Ramaswamy et al., 1996) that cannot use nitrate. The narB and moeA mutants of Anabaena sp. PCC 7120 are able to grow using the Mo-nitrogenase. However, the modBC mutant of Anabaena sp. PCC 7120 did not grow using N 2 , as it could not transport molybdate for the Monitrogenase and it lacks the V-nitrogenase that is present in A. variabilis (Thiel, 1993) . A mutant in the modBC gene (sll0739) of Synechocystis sp. PCC 6803 is reported to have no phenotype (http://www.kazusa.or.jp/cyano/ Synechocystis/mutants/). The ability of this mutant to grow using nitrate suggests that it may have an alternative system for molybdate transport. Thermosynechococcus elongatus BP-1 has a gene for nitrate reductase; however, it lacks homologues of modA and modBC (http://www.kazusa.or.jp/cyanobase/Thermo/index.html), which suggests that it transports molybdate by some other mechanism.
The modBC mutant was not impaired in its ability to use the V-nitrogenase, even at very low levels of vanadate (0.1 mM); therefore, there is apparently a separate highaffinity transport system for vanadate. This conclusion is supported by the inability of vanadate to compete for transport of 99 Mo (molybdate) in the wild-type strain (Thiel et al., 2002) . The genes for vanadate transport have not yet been identified in any organism. The modBC mutant was unable to use the Nif2 nitrogenase under anoxic conditions; however, it did reduce acetylene to ethylene and ethane using the V-nitrogenase, but only after heterocysts formed. This is consistent with the inability of the mutant to take up molybdate, which is required for the Nif2 nitrogenase, and also provides evidence that the V-nitrogenase does not function in A. variabilis until after heterocysts form, even under anoxic conditions, which is also true of the Nif1 nitrogenase (Elhai and Wolk, 1990; Thiel et al., 1995) .
The ability of high levels of molybdate to support growth of the modBC mutant with nitrate or N 2 suggested that there was a low-affinity transport system for molybdate. In A. vinelandii, there is evidence for low-affinity molybdate transport that is competed by tungstate (Premakumar et al., 1996) . The modBC mutant of A. variabilis was able to transport relatively high concentrations of 99 Mo (molybdate) (10 -6 M), but only when the cells were first starved for sulphate. There may be an inducible sulphate transport system in A. variabilis, like that in Synechococcus sp. PCC 7942 (Green and Grossman, 1988; Laudenbach and Grossman, 1991) , that can serve as a low-affinity molybdate transport system. In E. coli, molybdate is transported not only by the high-affinity ABC-type molybdate system, but also, with lower affinity, by the ABC-type sulphate transport system and by a non-specific anion transporter (reviewed by Self et al., 2001) .
Experimental procedures
Strains and growth conditions
Strains used in this study are described in Table 2 . A. variabilis FD and strains derived from that strain were grown photoautotrophically in liquid cultures in an eightfold dilution of the medium of Allen and Arnon (1955) (AA/8), in some instances supplemented with 2.5 mM NaNO 3 and 2.5 mM KNO 3 (AA/8 + nitrate) or with 5.0 mM NH 4 Cl and 10 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid (TES), pH 7.2, at 30∞C with illumination at 50-80 mE m -2 s -1 . Mo-free medium was prepared from stocks scrubbed free of contaminating Mo using activated charcoal (Schneider et al., 1991) . The microelement stock was prepared without added Mo, but was not treated with activated charcoal. To remove traces of Mo, glassware was treated with 1% Count-Off (New England Nuclear) and 10 mM ethylene diamine tetraacetic acid for 24 h and then thoroughly rinsed with deionized water purified through a Millipore water purification system. Cyanobacteria were subcultured in Mo-free AA/8 for at least 15 generations to deplete internal Mo reserves. As mutants MZ49 and KA12 did not grow in AA/8, they were grown in Mo-free AA/8 + 5.0 mM NH 4 Cl, 10 mM TES. Cyanobacterial cultures were maintained on AA or on BG-11 (Allen, 1968 ) media (with 5.0 mM NH 4 Cl, 10 mM TES when necessary) solidified with 1.5% Difco Bacto agar (Thiel et al., 1989) . When appropriate, antibiotics were added to plates at the following concentrations: neomycin (Nm), 40 mg ml -1 ; ampicillin (Ap), 20 mg ml -1 ; chloramphenicol (Cm), 25 mg ml -1 ; erythromycin (Em), 5 mg ml -1 . In liquid cultures, antibiotic concentrations were: Nm, 5 mg ml -1 ; Em, 5 mg ml -1 . For anoxic growth experiments, cells were grown aerobically in the light with shaking in medium AA/8 with 5.0 mM A. variabilis strain FD modA::Nm r at NaeI (Fig. 1 ) resulting from recombination with pKA12 fructose, 5.0 mM NH 4 Cl and 10 mM (TES), pH 7.2, to an OD 720 of about 0.3. Cells were washed with AA/8 and resuspended in 50 ml of AA/8 with 5.0 mM fructose to OD 720 < 0.1 and incubated under anoxic conditions in the same medium. Anoxic cultures, containing 10 mM dichloro-phenyl-dimethylurea (DCMU) (to inhibit oxygen evolution from photosystem II), were grown in serum-stoppered flasks thoroughly flushed with dinitrogen.
Acetylene reduction assays
Cultures were concentrated to an OD 720 of about 0.3 and added to 10 ml serum bottles in 1.0 ml aliquots. The bottles were sealed with gas-tight serum stoppers, injected with 1.0 ml of acetylene gas and placed in an illuminated 30∞C shaking water bath for 30 min. Samples (1.0 ml) of gas were removed via a hypodermic needle and injected into a Shimazu gas chromatograph equipped with a 6 ft Poropak N column. The column temperature was 60∞C. Chlorophyll a (chl a) determinations for each 1.0 ml aliquot were made from methanol extracts according to the method of Mackinney (1941) . Assays were performed at least three times, and a representative graph is provided.
Cloning genes and construction of mutants
The modBC genes of A. variabilis were identified in a genomic cosmid library of that strain constructed in the vector pDUCA7 (kindly provided by W. Buikema). A probe for modB was amplified by polymerase chain reaction (PCR) from chromosomal DNA of Synechocystis sp. PCC 6803 using internal primers to sll0739, the ORF just downstream of modA in Synechocystis sp. PCC 6803 (primers: ModBR, 5¢-CCGTTAATTTTGCCGCCCACGGTGGGT-3¢; ModBL, 5¢-AGTAGCGCCAAATTCCCCC-3¢) (Kaneko et al., 2001) . (At the time this gene was cloned, the genome sequence of Anabaena sp. PCC 7120 was not yet available.) That 0.3 kb PCR product was labelled with [ 32 P]-dCTP using random primer extension (Ambion) and hybridized to the cosmid library of A. variabilis. Cosmid VIB6 hybridized strongly to the putative modB probe and was characterized further. The modBC region of A. variabilis was subcloned as various restriction fragments in pUC118 and sequenced on both strands using automated sequencing. Plasmids used for sequencing are described in Table 2 . The putative modA gene was identified in the genome of Anabaena sp. PCC 7120 by its similarity to the gene in Synechocystis sp. PCC 6803. Using primers for the modA region of Anabaena sp. PCC 7120 (primers: ModA-L, 5¢-TGGGAGAGTGGTATTTT TCATCAG-3¢; ModA-R, 5¢-TTCGCCAATCAGTTCGTCATCT-3¢) (Kaneko et al., 2001) , we amplified the modA region of about 1.2 kb from A. variabilis by PCR and partially sequenced it. A. variabilis mutants were constructed by insertion of antibiotic resistance cassettes at certain restriction sites in the genes (see Table 2 and Fig. 1 ) followed by replacement of the wild-type gene in the chromosome by the mutant allele using conjugative non-replicative plasmids as described previously . All mutants were segregated as described previously and tested by PCR to verify that there were no wildtype copies of the gene in the chromosome.
Northern blots
RNA was extracted from about 200 ml of cells that were quickly harvested by centrifugation in the cold and then frozen as droplets of very concentrated cells in liquid nitrogen in a ceramic mortar, previously treated to remove RNase. The frozen drops of concentrated cells were pulverized extensively with a cold pestle until the cells were in the form of a fine, frozen powder. The cells were thawed in 1.0 ml of a solution containing 4 M guanidine thiocyanate, 0.1 M TrisHCl, pH 7.5, 25 mM EDTA. After thawing the cells, 3.8 ml of RLT solution from the Qiagen RNA isolation kit (RNeasy midi kit) was added, and RNA was extracted according to the kit procedure with the following modification. After the addition of RLT solution, the lysate was centrifuged twice at 5000 g for 5 min, and then ethanol was added according to the directions in the kit. The remainder of the protocol was as recommended in the kit instructions. RNA (about 20 mg) was separated in a 1.5% formaldehyde-agarose gel and transferred to Nytran Supercharge (Schleicher and Schuell) nylon membranes for hybridization to radioactive modA, modBC or rnpB (RNase P) (Vioque, 1992 ) DNA probes at 42∞C in ULTRAhyb hybridization solution (Ambion). Probes were PCR products made using the following primers: modBC, pMZ35-4R (5¢-TATCACCATGCCACTGGATTTG-3¢) and pMZ35-1F (5¢-GTGAAAGCAACTTTTAGATGA-3¢); modA, ModALint (5¢-TTTTGGCAGTCGGTTTACCATTGT-3¢) and ModARint (5¢-GCCGCGTTAACATTTCTGCTACTT-3¢); and rnpB, RNaseP-L (5¢-AGAGTAGGCGTTGGCGGTTGC-3¢) and RNaseP-R (5¢-ATTGCTTTACACGAGGGCGATTAT-3¢).
99
Mo (molybdate) transport
Cultures for 99 Mo transport assays were grown for at least 15 generations in molybdate-free AA/8 + 5.0 mM NH 4 Cl + 10 mM TES, pH 7.2. Cultures starved for sulphate were grown in molybdate-free AA/8 + 5.0 mM NH 4 Cl + 10 mM TES, pH 7.2, without added MgSO 4 for at least five generations and adjusted to OD 720 = 0.15. Starvation of the cells for molybdate was evident by yellowing of the culture with the loss of biliproteins and the inability of the cells to grow using nitrate or dinitrogen. Cells were transferred to 50 ml plastic tissue culture flasks for transport assays. 99 Mo-molybdate (kindly provided by Mallinckrodt) and nonradioactive Na 2 MoO 4 were mixed to give a specific activity of 6.25 ¥ 10 3 Ci mol -1 for the transport assays using a final concentration of 8 ¥ 10 -9 M molybdate. For some experiments with the modBC mutant, 1 ¥ 10 -6 M Na 2 MoO 4 (final concentration) and 5 ml of 99 Mo (7000 Ci mg -1 ) were added directly to 7 ml of cells at the start of the experiment. Cells were incubated at 30∞C in the light, and molybdate transport was assayed as described previously (Thiel et al., 2002) . Assays were performed at least three times, and rates were calculated from linear incorporation of 99 Mo(molybdate) versus time (Thiel et al., 2002) . Transport was expressed as fmol of molybdate (mg protein) -1 min -1 , and representative values based on at least five sets of data are provided.
GenBank accession number
The GenBank accession number for the modBC region is AF408411.
